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The tetragonality (c/a) of a PbZr 0.2 Ti 0.8 O 3 (PZT) thin film on La 0.7 Sr 0.3 MnO 3 / 0.72Pb(Mg 1/3 Nb 2/3 )O 3 -0.28PbTiO 3 (PMN-PT) substrates was controlled by applying an electric field on the PMN-PT substrate. The piezoelectric response of the PZT thin film under various biaxial strains was observed using time-resolved micro X-ray diffraction. The longitudinal piezoelectric coefficient (d 33 ) was reduced from 29.5 to 14.9 pm/V when the c/a ratio of the PZT film slightly changed from 1.051 to 1.056. Our results demonstrate that the tetragonality of the PZT thin film plays a critical role in determining d 33 , and in situ strain engineering using electromechanical substrate is useful in excluding the extrinsic effect resulting from the variation in the film thickness or the interface between substrate. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974450] Strain engineering, i.e., variation in the lattice parameter and/or crystallographic structure of materials via an externally controlled misfit strain, has been recently employed to manipulate the electromechanical properties of thin films beyond the mobility modulation of semiconductor thin films. [1] [2] [3] Ferroelectric thin films such as PbZr 0.2 Ti 0.8 O 3 (PZT) have especially shown that the ferroelectric polarization or piezoelectric coefficient strongly depends on the inplane misfit strain, which can be given by (a s -a bulk )/a bulk , where a s and a bulk are lattice constant of substrate and bulk of film material, arising from a lattice mismatch with a substrate or a variation in the film thickness, along with the change in the a-and c-axis parameters of the films. [4] [5] [6] Based on theoretical predictions via phenomenological theory [7] [8] [9] [10] and a first-principle calculation, 11 the polarization (P) of ferroelectric materials is simply proportional to the square root of the [(c/a)À1] where c and a are c-axis parameter and the a-axis parameter, respectively. In contrast to P, a longitudinal piezoelectric coefficient (d 33 / Pe) has been predicted a little influence of c/a due to a dielectric constant (e) that is inversely proportional to P. 7 However, no consensus has yet arrived in recent experimental studies on the in-plane misfit strain dependence of d 33 , which possibly involves extrinsic contribution, including interfacial or thickness effects due to space charge or depolarisation field. 2, 4, [12] [13] [14] Building up an experimental strategy to control the misfit strain of thin films without variation in the substrate substance or film thickness is necessary.
The use of an electromechanical substrate that exhibits electrostriction or piezoelectricity can allow us to perform in situ misfit strain engineering with which we can control the misfit strain of films in real time without any alternation of the substrate and variation in the film thickness. [15] [16] [17] [18] [19] Recently, owing to the discovery of single crystalline substrates with a high piezoelectric coefficient such as (1Àx)PbMg 1/3 Nb 2/ 3 O 3 -xPbTiO 3 (PMN-PT), the growth of an epitaxial film on piezoelectric substrates has made feasible to alternate a misfit strain onto the film by simply applying an electric field to a piezoelectric substrate (E sub ). It provides us an opportunity to investigate the piezoelectricity as well as the relationship between c/a and d 33 of a ferroelectric thin film on a piezoelectric substrate while varying the in-plane misfit strain as desired. The observation of piezoelectricity in a ferroelectric film can be achieved using experimental techniques such as piezoresponse force microscopy; however, connectivity between the piezoelectricity and a structural parameter such as the tetragonality can be directly achieved using a timeresolved X-ray microdiffraction setup combined with ferroelectric capacitors grown on a piezoelectric substrate. Here, we report the controllable piezoelectricity of an epitaxial PZT film depending on E sub applied to the piezoelectric PMN-PT substrate using a time-resolved X-ray microdiffraction (TRXlD) technique. We experimentally show that the d 33 values of the PZT film exhibit a huge interrelation with the tetragonality of the PZT film, which has not been predicted via theoretical study.
A 75-nm-thick epitaxial PZT thin film, which has fully c-domains, was deposited on a (001)-oriented La 0.7 Sr 0.3 MnO 3 (LSMO)/0.72(PbMg 1/3 Nb 2/3 O 3 )-0.28(PbTiO 3 ) (PMN-PT) substrate using a pulsed-laser deposition technique. 15 The thickness of LSMO and PMN-PT are 7 nm and 0.3 mm, respectively. The measured lattice parameters of the PZT film are a ¼ 3.966 Å and c ¼ 4.170 Å , whereas that of the PMN-PT is a ¼ 4.022 Å . The detailed growth information can be found in Ref. 15 . Pt top electrodes with a diameter of 40 lm were used to apply an electric field to the PZT film (E film ) along the normal direction of the surface. The backside of the PMN-PT substrate was coated with a silver paste so that we can apply an electric field to the substrate (E sub ) using a high-voltage source (556H, ORTEC, Ltd.). X-rays with photon energy of Published by AIP Publishing. 110, 032901-1 8 keV were focused to a spot with a size of 10 lm using a Fresnel zone plate at 9C beamline of the Pohang Light Source. Diffracted X-rays from the sample were acquired using a gated pixel array detector (Pilatus 100 K, Dectris Ltd.). A delay generator (DG 645, Stanford Research System, Ltd.) was used to generate reference signals to gate the detector as well as the electric pulses during the acquisition. The electric field application was repeated and synchronised to the reference signal, varying the delay time between the start of the application of the electric field and the acquisition time.
We controlled the misfit strain between the PMN-PT substrate and the PZT film and simultaneously observed the piezoelectric response arising from both the PZT film and the PMN-PT substrate using the experimental setup based on the TRXlD technique, as shown in Fig. 1 . The application of E sub along the [001] direction of the PMN-PT substrate increased the c value and reduced the a value of the PMN-PT substrate, which resulted in the increase in the c value of the PZT film. First, we confirmed the piezoelectricity of the PMN-PT substrate via measurement of the diffraction patterns of the PMN-PT substrate under various E sub values. We observed a decrease in the 2h value of the PMN-PT (002) reflection, which directly indicated an increase in the c of the PMN-PT substrate depending on E sub . The changes in the c of the PMN-PT substrate were 0.14% and 0.21% at E sub ¼ 6.6 kV/cm and E sub ¼ 13.3 kV/cm, respectively, as shown in Fig S1 in Second, to investigate the piezoelectric response of the PZT film, we individually applied E film to the PZT film along the [001] direction of the PZT film while E sub ¼ 13.3 kV/cm. An additional shift of (002) reflection in the PZT film only confirms the piezoelectric response of the PZT film due to E film . As shown in the two-dimensional maps of the reciprocal space in Fig. 2(a) , the centroid of the PZT (002) reflection is located at 2h ¼ 43.511 at E film ¼ 0. This result indicates that the c/a value of the PZT film is 1.056 when inplane strain of substrate has been fully transferred to the film. This reflection shifts to a 2h value of 43.407 when E film ¼ 2 MV/cm and E sub ¼ 13.3 kV/cm. The (002) reflection of the PMN-PT substrate did not shift before and after the application of E film , which indicates that E film did not affect the piezoelectric response of the substrate as we expected. No change was observed in the positions of both the PZT (002) and PMN-PT (002) reflections along the chi direction because both the piezoelectric responses of the PZT film and PMN-PZT substrate were parallel to the direction of applied E along the [001] direction of the substrate.
We could monitor the structural evolution of the PZT film by applying a unipolar triangular wave to it with an amplitude of 2 MV/cm. Figure 2(b) shows the lattice expansion of the PZT film under triangular electric waves at a duration of 30 ls when E sub ¼ 13.3 kV/cm. The X-ray diffraction patterns for a dwell time of 2 ls were summed up for a 5000-cycle repetition at each delay time. The 2 MV/cm amplitude is sufficiently high to pole the ferroelectric domains of the PZT in one direction because the switching field of the PZT film is estimated to be 0.82 MV/cm. This result indicates that what we observed was the piezoelectric response of the PZT film but not the ferroelectric switching. In addition, the integrated X-ray intensities before and after the application of E film remained almost constant, revealing that the number of unipolar triangular waves did not induce a significant fatigue in our epitaxial PZT capacitors. 20 To investigate the misfit strain-dependent piezoelectric response of the PZT film, we varied E sub from 0 to 13.3 kV/ cm while applying unipolar electric waves on the PZT capacitor, as shown in Fig. 3 . We found that E sub induced longitudinal piezoelectric strain on PMN-PT as well as concurrently delivered the same strain magnitude into the PZT film even without the application of E film . The centroid positions of 2h of the Gaussian-fitted PZT (002) reflection were 43.634 , 43.587 , and 43.511 when E sub ¼ 0, 6.6 and 13.3 kV/cm, which corresponded to 4.170, 4.174, and 4.181 Å , respectively, for the c values of the PZT film. The out-of-plane strain of PZT with varying E sub from 0 to 13.3 kV/cm was 0.26%, which was almost similar to that with the out-ofplane strain of PMN-PT. The in-plane misfit strain on both the PZT film and PMN-PT substrate at E sub ¼ 13.3 kV/cm was calculated as À0.13%. The a value was initially 3.966 Å for the PZT film when E sub ¼ 0, which was measured using a reciprocal space map around the PZT (103) reflection. 15 The estimated a values of the PZT film at E sub ¼ 6.6 kV/cm and E sub ¼ 13.3 kV/cm were 3.963 and 3.959 Å , respectively. The higher a and c values of the PZT film on LSMO/PMN-PT than those of bulk PZT, indicating that a larger volume of a unit cell of the PZT film may have originated from the existence of misfit dislocations and oxygen vacancies in the PZT film.
The piezoelectric strain of the PZT film is plotted as a function of the amplitude of E film under various E sub values, as shown in inset of Fig. 3 . When E film < 1.33 MV/cm, the piezoelectric strain showed linear relationship with E film . The effective d 33 values of the PZT film in these linear regions along the [001] direction were 29.5, 23.4, and 14.9 pm/V at E sub ¼ 0, 6.6, and 13.3 kV/cm, respectively. The d 33 value at E sub ¼ 0 was lower than the theoretically predicted value of 60 pm/V for the PZT film. 7 Our smaller d 33 value could have originated from thickness effect, 21 the clamping effect due to the rigid substrate 22 or to the existence of defects in the films, such as dislocations and cation and oxygen vacancies. 23, 24 Beyond E film ¼ 1.33 MV/cm, the PZT piezoelectric strain showed a nonlinear relationship with E film . We could achieve the highest c value of 4.191 Å of the PZT film when E film ¼ 2 MV/cm. Although there was a report that high quality 35 nm thick PZT/SrRuO 3 /SrTiO 3 showed 2.5% piezoelectric strain despite application of high electric field up to 5 MV/cm within sub-nanosecond duration, 25 we could not apply higher field than 2 MV/cm due to dielectric breakdown field arising from higher thickness of film and duration of applied electric pulse. In addition, regardless of the direction of E film , the piezoelectric responses of the PZT film exhibited similar magnitudes.
We emphasise that d 33 of the PZT film decreases with the increase in the c/a ratio, as shown in Fig. 4 . The estimated c/a ratios of the PZT film at E sub ¼ 0, 6.6, and 13.3 kV/cm were 1.051, 1.053, and 1.056, respectively, which were even higher than those of a bulk PZT crystal at room temperature, which is 1.049. 26 Classically, d 33 of ferroelectric materials can be expressed as d 33 ¼ 2Q 11 e 0 e 33 P 3 , where Q 11 , e 33 , and P 3 are the electrostrictive constant, relative dielectric constant, and out-of-plane P, respectively. Based on the theoretical predictions of the in-plane misfit strain-dependent d 33 of the PZT films, the d 33 value approximately decreased by 12% at the same c/a ratio; 22 however, our experimental results exhibited a decrease of 50% while change of P of PZT film was less than 7%. 27 Mechanical-field-strength limitation can be the major reason for the disagreement between the theoretical studies and experimental results on the relationship between d 33 and the c/a ratio. Usually, the strain-electric field curve of piezoelectric materials consists of a relatively high d 33 region at a lower electric field than a coercive field and a small d 33 region at a higher electric field. 28 The nonlinear piezoelectric behavior with a saturated strain at a high electric field leads us to the maximum strain of the piezoelectric material. Figure 3 shows that our PZT film under in situ misfit strain also displayed a saturated 2h value regardless of c/a when E film ¼ 2 MV/cm. Our maximum strain value of the PZT film at E sub ¼ 0 along the c-axis was 0.46%, which was similar to the experimental result on the mechanical failure strain of a 1-lm-thick PZT film. 29 An increase in the c/a ratio of the PZT film can lead to a c value close to 4.191 Å , which can result in a decrease in the piezoelectric strain and thus a decrease in the d 33 value. Our experimental studies showed that our in situ misfit strain engineering strategy enables us to understand not only the piezoelectricity of the ferroelectric film but also any functionality of materials in a close relationship with the structural evolution, including magnetostriction and electrostriction.
In conclusion, we have investigated the tetragonality effect of the piezoelectricity of a PZT film on a LSMO/ PMN-PT substrate via the application of an electric field to a highly piezoelectric PMN-PT substrate. We could exclude any extrinsic effect arising from the variation in substrate substance or film thickness. Both the misfit strain on the PZT film and the piezoelectric responses of the PZT film were measured using a time-resolved X-ray diffraction technique. The maximum in-plane misfit strain and the c/a ratio were determined to be À0.13% and 1.056, respectively. We observed a decrease in the d 33 value of the PZT film with an increase in the c/a ratio, which was possibly due to the mechanical limitation of the elongation of the PZT material.
See supplementary material for the piezoelectric response of PMN-PT substrate and ferroelectric switching of PZT film.
